INTRODUCTION
Beta-type gallium oxide (β-Ga 2 O 3 ) and indium oxide (In 2 O 3 ) have been investigated as important wide-bandgap oxide semiconductors. They have applications in power devices and deep UV optoelectronic devices because of their novel properties such as distinctive electrical conductivity, large breakdown voltage, and high dielectric constant. [1] [2] [3] [4] [5] To fully exhaust their potential, the formation of (Ga 1−x In x ) 2 O 3 alloys is desired to tune the bandgap and for the development of heterostructures. However, β-Ga 2 O 3 exhibits a monoclinic crystal structure with the space group C2/m and lattice parameters of a = 12.214 Å, b = 3.0371 Å, c = 5.7981 Å and a monoclinic angle of β = 103.83°, 6 whereas In 2 O 3 represents a cubic bixbyite system with the space group Ia-3 and a lattice parameter of a = 10.117 Å. 7 Therefore, the growth of single-phase (Ga 1−x In x ) 2 O 3 alloys in the whole composition range 0 ≤ x ≤ 1 interval represents a challenge, and phase separation has to be expected. In the literature, there are strong discrepancies on the solubility limit of indium in β-Ga 2 O 3 without the occurrence of phase separation. For polycrystalline Ga 2 O 3 powder, a solubility limit of 44% for indium was reported. 8 Monoclinic (Ga 1−x In x ) 2 O 3 thin films with indium content below 40% were prepared using a sol-gel method. 9 Alloyed (Ga 1−x In x ) 2 O 3 thin films with indium composition up to 35% without phase separation have been grown by plasma-assisted molecular beam epitaxy. 10 Kranert et al. 11 reported that the critical indium concentrations of (Ga 1−x In x ) 2 O 3 thin films grown by pulsed laser deposition before a secondary phase occurs are 20% for films grown on c-sapphire substrates and 30% for films grown on MgO substrates. However, investigations of indium incorporation in Ga 2 O 3 grown by metal organic chemical vapor deposition (MOCVD) are very limited. Wang et al. 12 reported the growth of polycrystalline (Ga 1−x In x ) 2 O 3 films with a homogenously Ga-substituted cubic In 2 O 3 microstructure up to 55% using volatile metal organic precursors In(dpm) 3 and Ga (dpm) 3 (dpm = 2,2,6,6-tetramethyl-3,5-heptanedionato), without the presence of a monoclinic (Ga x In 1−x ) 2 O 3 phase in the whole composition range 0 < x < 1. Recently, Baldini et al. 2 reported that no In 2 O 3 phase was observed up to x = 0.15 during the growth of β-(Ga 1−x In x ) 2 O 3 on c-plane oriented sapphire substrates using trimethylgallium (TMGa) and trimethylindium (TMIn) precursors by metal organic vapor phase epitaxy (MOVPE). It is clear that the solubility limit of indium incorporation in β-Ga 2 O 3 is dependent on the growth method, the type of the substrate, and the nature of the precursor. To the best of our knowledge, there is no study related to the incorporation of indium in β-Ga 2 O 3 using triethylgallium (TEGa) and triethylindium (TEIn) precursors on a β-Ga 2 O 3 substrate. The purpose of the present study is to investigate the indium incorporation in (100)-oriented β-Ga 2 O 3 (homoepitaxial growth) using TEGa and TEIn precursors by MOVPE, to determine the solubility limit before acquiring phase separation. In this work, the influence of deposition temperature, chamber pressure, and indium flow rate on the growth and structural properties of the layers is investigated. Atomic force microscopy (AFM) was used to analyze the surface morphology, while the structural properties of the β-(In,Ga) 2 O 3 thin films were analyzed by high resolution x-ray diffraction (HR-XRD) and transmission electron microcopy (TEM).
EXPERIMENTAL
β-(In,Ga) 2 O 3 films with a nominal thickness of 200 nm were grown on (100)-oriented β-Ga 2 O 3 substrates (miscut angle 2°) using metal organic vapor phase epitaxy. Highly pure O 2 gas, triethylgallium (TEGa), and triethylindium (TEIn) were used as oxygen, gallium, and indium sources, respectively, and highly pure Ar was used as the carrier gas. The precursor bubblers' temperature of TEGa and TEIn were kept at 20 and 15°C, respectively, and the bubblers' pressure was kept at 1000 mbar. The volume flow rates, Φ V , of Ar through TEGa and O 2 were maintained at 9.17 and 0.02 μmol/min, respectively. The TEIn Ar flow rate has been varied in a range between 0 and 0.26 μmol/min. β-(In,Ga) 2 O 3 films were grown at temperatures ranging from 650 to 825°C, while the chamber pressure has been set at 5 mbar. The substrates for homoepitaxial growth were prepared from electrically insulating 2-in. diameter crystals obtained by the Czochralski method. 13, 14 The films were structurally characterized by high resolution x-ray diffraction using a Bruker D8 instrument behind a precollimating parabolic Göbel mirror, and an asymmetric Ge 220 double crystal monochromator was utilized to select the Cu Kα 1 line at λ = 1.540 56 Å and to collimate the incident x-ray beam to about 36 arcsec. For the determination of the vertical lattice parameters, 2θ−ω scans have been recorded in the vicinity of the 400 β-Ga 2 O 3 symmetrical Bragg reflection. The vertical lattice parameter of the films was calculated by taking the angular positions of the wellknown Bragg reflections of the substrate as a reference. A linear position sensitive detector was used to perform fast two-dimensional mapping of reciprocal space. Transmission electron microscopy measurements were performed with an FEI Titan 80 300 operating at 300 kV. The samples were prepared in a cross-sectional view along the 〈010〉 direction of the β-Ga 2 O 3 substrate. The surface morphology of β-(In,Ga) 2 O 3 thin films was investigated by atomic force microscopy (Bruker Dimension Icon). The thickness of the layers was determined by spectroscopic ellipsometry (MM-16, Horiba Jobin Yvon). Since ellipsometry requires a contrast in the refractive index between the film and the substrate, we used samples that were grown in the same run but on the sapphire substrate for that purpose.
RESULTS AND DISCUSSION
In order to understand the growth conditions giving rise to the incorporation of indium into β-Ga 2 O 3 films using TEGa and TEIn precursors, a series of MOVPE growth runs with different deposition temperatures, chamber pressures, and indium flow rates were performed. We first examine the impact of deposition temperature and chamber pressure on the growth rate and surface morphology of β-Ga 2 O 3 thin films. Figure 1(a) illustrates the effect of deposition temperature on the growth rate and the root mean square (rms) surface roughness of β-Ga 2 O 3 thin films. It shows that the growth rate decreases from 2.28 to 1.7 nm/min and the rms roughness decreases from 1.79 to 0.93 nm as the deposition temperature increases from 650 to 825°C. Decreasing the growth rate with increasing the deposition temperature is caused by the formation and desorption of volatile gallium suboxide, Ga 2 O, which is formed more readily at higher temperatures. 15 The improvement of the surface morphology with increasing deposition temperature is due to the increased mobility of adatoms on the surface. 16 The effect of the chamber pressure on the β-Ga 2 O 3 film growth rate was studied by varying the chamber pressure from 5 to 20 mbar while maintaining the deposition temperature at a constant value of 825°C. The results are presented in Fig. 1 (b) and show clearly that the growth rate decreases exponentially with increasing chamber pressure. This is a consequence of the increased thickness of the boundary layer, which hinders the adatom diffusion onto the growing surface. 17 However, Heinecke et al. 18 reported that the growth rate decreases as the square root of the reactor total pressure when the transport of the active species across the boundary proceeds by diffusion. Recently, 19 it was found that the growth rate decreased rapidly with increasing the chamber pressure due to the dominant gas phase reaction at higher growth pressure. 20 Therefore, the exponential decrease of the growth rate with increasing pressure can be explained not only by a combined effect of the increased thickness of the boundary layer but also by the gas phase reaction at higher pressure.
To clarify which deposition temperature and chamber pressure are suitable to investigate the incorporation of indium, β-(In,Ga) 2 O 3 thin films were grown at deposition temperatures of 650, 700, 750, and 825°C and the indium flow rate was kept constant at 0.07 μmol/min. Figure 2 shows the corresponding 2θ−ω x-ray diffraction curves. At the low angle side of the sharp 400 Bragg reflection of the β-Ga 2 O 3 substrate, a broad feature caused by β-(In,Ga) 2 O 3 thin films can be observed indicating an increased vertical lattice parameter as compared to the substrate. Thickness fringes were observed, which indicate smooth surfaces and interfaces and a uniform film thickness. The fringes become more pronounced as the temperature increases, indicating an improvement of the crystal quality of the film. X-ray reciprocal space maps (RSM) of the films (not shown here) show that all films are coherently grown on the corresponding substrates. The angular position of the β-(In,Ga) 2 O 3 film peak slightly shifted to the lower 2θ value with increasing the deposition temperatures. This indicates that the indium incorporation in the β-Ga 2 O 3 thin film is sensitive to the deposition temperature.
According to the evaluation of indium content (Fig. 12 ), a detailed analysis of which will be presented later, the atomic indium concentration in β-(In,Ga) 2 O 3 thin films increases from 1.7% to 2% with increasing deposition temperature from 650 to 825°C. This behavior is not consistent with the desorption process, where the indium atomic desorption from the growth surface at higher deposition temperature should result in the incorporation of less indium in the film. 21 Alternative, the increase of indium content with increasing deposition temperature can be explained by indium-hydrogen interaction (triethyl ligands of the MO precursors, source of hydrogen). This is demonstrated in Fig. 3 , where simulations of the equilibrium concentrations of main In and Ga species for the real growth conditions are presented using the FactSage software package. 22 In the temperature range including the deposition temperature, there is no interaction between gallium and hydrogen, while indium interacts with hydrogen and produces hydroxides, the amount of which increases with increasing temperature. A high volatility of indium hydroxides InO 2 H 2 vIn(OH) 2 and InOH enhances indium transport, while the availability of gallium-containing species is several orders of magnitude lower. It is worth to mention that the desorption of Ga 2 O at higher growth temperature could increase the efficiency of indium incorporation. However, under the given experimental conditions, the vapor pressure of Ga suboxides or monoxide (Ga 2 O and GaO) is only in the order of 10 −16 bar, whereas the vapor pressure of In(OH) 2 approaches 10 −8 bar-leading to significantly higher mole fractions of In species in the gas phase. Hence, the influence of hydrogen is expected to be dominant.
The effect of chamber pressure on the indium incorporation with the use of TEGa and TEIn precursors was investigated as well. Figure 4 shows the x-ray diffraction patterns of β-(In,Ga) 2 O 3 (indium flow rate 0.07 μmol/min, deposition temperature 825°C) grown at chamber pressures of 5 and 10 mbar. For the film grown at 10 mbar, a broad β-(In,Ga) 2 O 3 peak was observed due to a lower thickness (130 nm) or lower crystalline quality as compared to the film grown at 5 mbar, which has a thickness of about 200 nm and where thickness oscillations are visible. The film thicknesses verified from these oscillations are in good agreement with film thicknesses evaluated by ellipsometry. The common peak position at about 2θ = 29.9°indicates that the same amount of indium is incorporated in both films for both pressures 5 and 10 mbar. However, when using trimethylgallium (TMGa) and trimethylindium (TMIn) as precursors for gallium and indium, respectively, the incorporation of indium is strongly dependent on the chamber pressure. At low pressures (5-20 mbar), no indium was incorporated in the layers, even at very high flows of In precursor, while at a higher pressure of 100 mbar, indium was incorporated into the layers. 2, 23 To study the amount of indium that could be incorporated into β-Ga 2 O 3 thin films using TEGa and TEIn precursors, all growth parameters are kept constant except for the indium flow rate varying from 0 to 0.26 μmol/min (growth temperature 825°C and chamber pressure 5 mbar). Figure 5 shows the surface morphology of the β-(In,Ga) 2 O 3 films (0, 0.09, and 0.26 μmol/min, as a representative) measured by atomic force microscopy. According to these images, no changes in the surface roughness were observed upon varying the indium flow between 0 and 0.13 μmol/min (rms surface roughness around 1 nm), indicating a uniform indium incorporation into β-Ga 2 O 3 . In contrast, a strong increase in the surface roughness is observed when the indium flow rate is further increased from 0.16 to 0.26 μmol/min, as apparent in Fig. 6 . The increase of the surface roughness of the sample grown at 0.26 μmol/min indium flow rate is the result of the formation of large 3D islands on the surface (this will be discussed in more detail further below).
The diffraction patterns for the β-(In,Ga) 2 O 3 films around the 400 β-Ga 2 O 3 diffraction peak are represented in Fig. 7 . 2θ−ω scans covering a large angular range (2θ = 15°-80°) show that the film exhibits a perfect (100)-orientation ( Fig. 8 as a representative) . Up to 0.13 μmol/min indium flow rate, thickness fringes were observed, demonstrating that the film surfaces and film-substrate interfaces are smooth. Additionally, the 400 β-(In,Ga) 2 O 3 peak position shifted to smaller 2θ angles, indicating the incorporation of indium atoms in the monoclinic β-Ga 2 O 3 lattice. In contrast, with further increasing indium flow rate, no thickness fringes can be observed anymore and the thin film peak position shifted toward higher 2θ angles. The vertical lattice spacing of the films is extracted from the β-(In,Ga) 2 O 3 peak position, and its dependency on the indium flow rate is illustrated in Fig. 9 . The vertical lattice spacing increases with increasing indium flow rate up to 0.13 μmol/min, indicating an increase in the incorporation of indium. A further increase of indium flow rate leads to a reduction of the vertical lattice spacing. This could be caused either by reduced indium incorporation or, alternatively, by the onset of plastic strain relaxation in the thin films. In order to rule out the latter effect, we have performed x-ray reciprocal space mapping on asymmetrical Bragg reflections which are sensitive to both horizontal and vertical lattice parameters. Figure 10 shows the RSM in the vicinity of the asymmetrical reflection 701 of the β-(In,Ga) 2 O 3 thin film and the β-Ga 2 O 3 substrate for a few different indium flow rates. As apparent in Fig. 10 , the horizontal component q || of the scattering vector is identical for the substrate and the thin film Bragg peaks. This implies that the β-(In,Ga) 2 O 3 films exhibit the same in-plane lattice parameter as that of the β-Ga 2 O 3 substrate. These measurements thus demonstrate that all β-(In,Ga) 2 O 3 films are coherently grown onto the β-Ga 2 O 3 (100) substrate. The vertical lattice spacing of β-(In,Ga) 2 O 3 which has been determined using asymmetric RSM are in good agreement with corresponding values determined from the 2θ−ω scans (Fig. 9) .
The change of the morphological properties and the increase/ decrease of the vertical lattice spacing of the β-(In,Ga) 2 O 3 thin films with increasing indium flow rate can be explained as follows. Up to 0.13 μmol/min flow rate, gallium seems to be effectively substituted by indium in the β-Ga 2 O 3 lattice. Pasquevich 24 reported that indium replaces gallium at the six-fold coordinated site in the β-monoclinic structure. Since the ionic radius of In 3+ (0.80 Å) is larger than the ionic radius of Ga 3+ (0.62 Å), 25 it is reasonable to assume that a slight substitution of indium on the gallium site leads to an increase of the vertical lattice spacing and thus sequentially an increase of the a lattice parameter of the β-Ga 2 O 3 thin film. A similar increase of the a lattice parameter with increasing indium content was also observed for (Ga 1−x In x ) 2 O 3 thin films.
9,11
To evaluate the indium content in our layer, we estimated the strain in the film by applying a fundamental elasticity theory, by following the work of Grundmann 26, 27 and comparing the obtained values with the measured lattice parameter for relaxed (Ga 1−x In x ) 2 O 3 as reported by Kranert et al.
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The stress σ ij in a crystal can be expressed by
with ε kl being the strain tensor and C ijkl being the elastic compliances tensor.
As elastic constants, we use the values from Ref. 28 as shown in Table I . In the following, a change in the elastic constants due to alloying will be neglected.
To derive the biaxial strain state of a β-(Ga 1−x In x ) 2 O 3 alloy layer grown on a (100) plane β-Ga 2 O 3 substrate, it is necessary to rotate the compliance tensor to the laboratory coordinate system, defined by the epitaxial growth plane. In the crystal coordinate system, the x-axis is parallel to the a lattice vector and the y-axis to the b lattice vector. A rotation by θ = −76.1°brings the z 0 -axis of the laboratory coordinate system parallel to the surface normal of the (100) plane. The rank-4 compliance tensor can be transformed into the laboratory system by
with R being a rotational matrix. The numerical values are shown in Table I . The laboratory coordinate system [Eq. (1)] can be solved, by applying the biaxial strain constraints σ 
Kranert et al. 11 reported linear equations for the dependence of the lattice parameter and the monoclinic angle for this alloyed system, which are summarized in Table II With the measured lattice constants from Kranert et al. 11 for a fully relaxed alloy, it is possible to calculate the strain ε 0 zz which is parallel to the surface normal to the (100) plane.
From the strain, it is possible to calculate the vertical lattice spacing of the alloy by d strained 400
with d relaxed 400
being the relaxed 400 vertical lattice spacing; the relaxed vertical lattice spacing can be obtained by
with a l (x) and β l (x) representing the indium content dependent a lattice parameter and the monoclinic angle as reported by Kranert et al., 11 respectively. Figure 11 shows the calculated d 400 vertical lattice spacing for the compositional range between 0 and 40 at. %, for the free relaxed (Ga x−1 In x ) 2 O 3 alloy, and the biaxial strained film in dependence on the different literature values for the compliances tensor. The difference in the vertical lattice spacing between the two different elastic compliances tensor is in the whole shown compositional range below 0.4% and thus will be neglected in the following. To estimate the indium content in our layer, we measured the vertical lattice spacing of β-(In,Ga) 2 O 3 by HR-XRD (Fig. 9 ). Our measured value for a pure β-Ga 2 O 3 layer is d 400 = 2.965 01 Å, 6 in comparison to the d 400 = 2.983 74 Å 11 as expected for pure β-Ga 2 O 3 from the measurements by Kranert et al. 11 To evaluate the indium content in our layer, we systematically shifted our measured values by Δd = 2.983 74 Å−2.965 01 Å = 0.018 73 Å to obtain a match in the vertical lattice spacing for the pure β-Ga 2 O 3 . The result is shown in Fig. 12 . Depending on the indium flow, we observe an indium incorporation in the layer between 0% and 3.5%.
When the indium flow rate is higher than 0.13 μmol/min, indium is partly incorporated in the β-Ga 2 O 3 thin film, while a considerable fraction reacts with oxygen forming presumably In 2 O 3 clusters [ Fig. 5(c) ]. The formation of In 2 O 3 is further increased with increasing indium flow rate, eventually leading to a corresponding decrease of the vertical lattice spacing of the β-(In,Ga) 2 O 3 thin films (Fig. 9) . The demixing of β-(In,Ga) 2 O 3 after the 3.5% limit that becomes obvious from Fig. 9 might be explained by spinodal decomposition. If this is true, 3.5% would correspond to the spinodal, whereas the equilibrium solubility limit is assumed to be at ca. 2.4% which corresponds to the concentrations that were obtained with the highest indium flow rates. In order to confirm this model, extended HR-XRD (2θ = 28°-37°) measurements have been carried out. The 2θ−ω scans of β-(In,Ga) 2 O 3 grown at 0.07 and 0.26 μmol/min indium flow rate are compared in Fig. 13 . Two distinct diffraction peaks corresponding to the β-Ga 2 O 3 substrate and the β-(In,Ga) 2 O 3 film can be observed in both films. However, for the film grown at 0.26 μmol/min, two extra peaks located at about 2θ = 30.62°and 35.64°can be observed. These peaks can be assigned to the 222 and 400 Bragg reflections of the cubic In 2 O 3 bulk phase, suggesting the existence of an additional (relaxed) In 2 O 3 phase. These peaks start to appear at an indium flow rate higher than 0.13 μmol/min as broad peaks and become sharper with increasing indium flow rate indicating an increasing cluster size.
In order to directly prove the absence/presence of an In 2 O 3 phase, the β-(In,Ga) 2 O 3 films grown at 0.07 and 0.26 μmol/min indium flow rate are investigated by TEM. Figures 14(a) and 14(b) present cross-sectional bright field TEM images of these layers. The TEM image of the film grown at 0.07 μmol/min indium flow exhibits no remarkable variation of the contrast, indicating that indium is homogeneously incorporated in the layer. The only contrast in the layer can be attributed to the formation of stacking faults and resulting twin domains, which are frequently observed in (100) β-Ga 2 O 3 films as described in our work. 31, 32 For the film grown at 0.26 μmol/min, the presence of bright islands can be observed on the top of the layer. They extend laterally up to a few 100 nm in size, which is consistent with the AFM observations. A high resolution TEM image of such an island ( For the present growth conditions, the maximum indium content incorporated in the β-Ga 2 O 3 without phase separation, 3.5 at. %, is still lower than the values reported in the literature studies [8] [9] [10] [11] and could be attributed to the lower chamber pressure (5 mbar) that leads to an increase in the desorption process from the growing surface.
2 However, at these growth conditions, the growth rate drastically decreased with increasing chamber pressure (Fig. 1) . Therefore, we plan to grow β-Ga 2 O 3 using TEGa at different growth conditions with the objective to incorporate more indium (TEIn) into β-Ga 2 O 3 .
To investigate the effect of the indium incorporation on the bandgap energy of β-Ga 2 O 3 , spectroscopic ellipsometry was performed with a Horiba Scientific UVISEL plus ellipsometer. The ellipsometric angles (ψ, Δ) defined by the ratio of the reflection coefficients for electric fields, respectively, parallel ( p) and perpendicular (s) to the incidence plane [r p /r s = tan(ψ) ⋅ exp(iΔ)] were acquired over the 1.5-5.4 eV energy range at an incidence angle of 70°. The measured values for ψ and Δ in the energy range of ∼1.5-4.5 eV for the β-Ga 2 O 3 substrate and β-(In,Ga) 2 O 3 films (indium flow rate 0, 0.007, and 0.13 μmol/min as a representative) are plotted in Figs. 16(a) and 16(b) , respectively. Modeling the optical properties of the layer is difficult due to homoepitaxial growth. It is clear, however, that by increasing the indium flow rate, the ψ and Δ spectra show a shift to lower energies compared to the bandgap position of β-Ga 2 O 3 of 4.7 eV. 33 A maximal shift of about 0.18 eV from ψ and Δ spectra can be estimated, corresponding to the maximum indium content. Such films could have a possible application in cutoff wavelengthtunable optical filters.
CONCLUSIONS
We investigated the incorporation of indium in β-Ga 2 O 3 films on β-Ga 2 O 3 (100) substrates using metal organic vapor phase epitaxy with triethylgallium and triethylindium precursors. For indium flow rates up to 0.13 μmol/min, films with smooth surfaces and a monotonously increasing amount of indium incorporation were obtained with a maximum indium content of 3.5%. A further increase of the indium flow rate leads to an increase of the surface roughness associated with the formation of phase separated islands in the β-(In,Ga) 2 O 3 films consisting of cubic In 2 O 3 grains. The observed decrease in the bandgap energy due to the incorporation of indium in homoepitaxial β-Ga 2 O 3 thin films supports their potential application in optoelectronic devices.
